Apart from being popular holiday destinations, oceanic-island volcanoes such as Hawaii, Tahiti, or the Canaries provide magmas that yield valuable information about the interior of our planet. Until recently, studies have concentrated on the easily accessible, subaerial parts of the volcanoes, largely ignoring their earlier-formed, submarine parts. These submarine parts, however, provide critical information about how the mantle begins to melt and about the lowest-melting-point mantle components-information not available from the subaerial volcanoes but highly relevant for the chemical evolution of the whole mantle. We present here compositional information from small (Ͻ500 m) volcanoes on the seafloor near Tahiti and Pitcairn Islands and show that these small volcanoes erupt only highly differentiated magmas. These early melts are derived exclusively from the most trace element-enriched, isotopically extreme mantle component, evidence that this component has the lowest melting temperature and is the first product of melting of a new batch of mantle. The geochemical mantle components (enriched mantle EM-I, EM-II) proposed in the 1980s to explain the compositional variations among oceanic volcanoes worldwide appear in reality to represent distinct rock masses in the mantle.
INTRODUCTION
Many chains of intraplate oceanic-island volcanoes are built as lithospheric plates move over stationary melt sources (hotspots) in the asthenosphere. A hotspot is probably maintained over long periods by an adiabatically upwelling mantle diapir or plume (Morgan, 1971) . The degree of partial melting of the plume mantle will vary both laterally (owing to radial gradients in plume temperature from a hot center to a cool rim; Loper and Stacey, 1983) and vertically (owing to the effect of pressure on the solidus; e.g., Farnetani and Richards, 1995) . The volcanoes will therefore be fed by melts formed at different temperatures and pressures during their growth. Particularly interesting in this respect are the initial phases of volcano growth, because they should be fed by melt formed either at the rim of the plume as it passes beneath previously unaffected lithosphere (Frey et al., 2000) or deep in the plume as the upwelling mantle first crosses the solidus. Although deep drilling on oceanic islands (e.g., Stolper et al., 1996) can start to examine the initial phases of volcano growth, it must be complemented by sampling of present-day submarine volcanic activity. Although such sampling has been carried out on Loihi Seamount in the Hawaii chain, this seamount is already relatively large and presently erupting magmas similar to those found on the islands (e.g., Garcia et al., 1995) and so is not ideal for studying the onset of volcanism. We present here geochemical analyses from samples obtained from the submarine edifices of the Pitcairn and Society hotspots (e.g., Stoffers et al., 1988; Stoffers et al., 1990a Stoffers et al., , 1990b Binard et al., 1992a) and use them to develop a petrogenetic model for the initial stages of hotspot volcanism.
RESULTS AND DISCUSSION
On bathymetric maps ( Fig. 1) we distinguish two major types of volcanoes in these hotspot areas. The first type yields only Mnencrusted samples (e.g., Glasby et al., 1997; Puteanus et al., 1989) , with mid-oceanic-ridge basalt (MORB) compositions (e.g., Devey et al., 1990) . These volcanoes are old and not related to hotspot activity and will not be discussed further in this paper. The second type comprises volcanoes yielding young, fresh samples produced by the hotspot. These younger volcanoes can be further subdivided into small isolated volcanoes (height above seafloor, Յ500 m), large isolated volcanoes (height above seafloor, Ͼ1500 m) and small parasite cones on the flanks of the large edifices. In the Pitcairn area, eight recently formed small volcanoes and three large volcanoes were mapped and sampled over an area of ϳ50 ϫ 70 km. At the Society hotspot, five small volcanoes and five larger volcanoes have been mapped and sampled over an area of 150 ϫ 80 km. Two of these volcanoes, Rocard and Turoi, rise some 1000 m above the seafloor, occupying a transitional place in our size classification, a situation also reflected by their lava compositions, as outlined subsequently.
Major element analyses on fresh glass chips show a clear distinction in degree of magmatic differentiation between the large and small volcanoes (see Fig. 2A ). This is particularly striking for the Society hotspot, where all large-volcano magmas have MgO Ͼ 3%, whereas the smaller volcanoes all yield tephritic phonolite or trachyte magmas with MgO Ͻ 2% characterized by high volatile contents. Rocard and Turoi volcanoes have yielded many trachytes and a handful of basaltic samples. A similar situation, with more basic magmas being found on the larger volcanoes, is seen at Pitcairn, although here some evolved magmas are also found on the larger edifices, most notably as a trachytic dome capping the apparently extinct Adams volcano (Stoffers et al., 1990a) . Nevertheless, no sample with MgO Ͼ 3.5% has ever been recovered from the small Pitcairn volcanoes. Liquid line of descent modeling at both hotspots is compatible with derivation of evolved magmas by extensive crystal fractionation of basic parent magmas similar to those found on the adjacent large volcanoes (Devey et al., 1990) .
The Pitcairn and Society hotspots are typical examples of EM-I and EM-II hotspots, respectively (EM is enriched mantle; see Zindler and Hart, 1986) (White and Hofmann, 1982; Woodhead and Devey, 1993; Woodhead and McCulloch, 1989) . Isotopic data from the seamounts (Fig. 2B) show the evolved magmas from the small volcanoes and Rocard to lie at the extreme high 87 Sr/ 86 Sr and low 143 Nd/ 144 Nd end of the EM-I and EM-II arrays for the present-day Pitcairn and Society hotspots, respectively. We note that older parts of the Society chain (e.g., Tahaa Island; White and Duncan, 1996) have yielded lavas with more extreme isotopic compositions than those presently erupting on the small Society volcanoes. We attribute this to long-term variations in the composition of the enriched Society source component and as such not in conflict with our observations; we would expect small volcano trachytes erupted at the time of formation of Tahaa to show 87 Sr/ 86 Sr ratios close to 0.707.
MODEL FOR THE INITIATION OF HOTSPOT VOLCANISM
Seismological observations from the Society area show that both large basaltic and small trachytic volcanoes are currently active (Talandier, 1989; Talandier and Kuster, 1976; Talandier and Okal, 1984) . The systematic freshness of samples recovered at Pitcairn implies that the same is true there. The large number of small compared to large or subaerial volcanoes currently active at both hotspots suggests that many more volcanic systems are initiated than ever reach maturity. The magmas entering these initial systems from the mantle are most probably basic; the eruptive products appear, however, to be exclusively highly fractionated phonolites and trachytes. This finding points to extensive fractionation in the lithosphere, either because the magma conduit system is initially cold and saps the magmas of heat before they can reach the surface, or because, in the absence of a continuous magma supply from the mantle, the magmas can reach the surface only when fractionation has sufficiently lowered their density or increased their volatile pressure. Whatever the reason for their extreme differentiation, the initial magmas seem to be derived, without exception, from the mantle source with the highest time-integrated incompatible trace element enrichment. If these initial magmas reflect the onset of melting in a particular mantle volume, then this observation implies that the most trace elementenriched mantle component has the lowest melting point. This inference lends some direct observational support to the suggestion, based either on theoretical or trace-element modeling considerations (e.g., Batiza, 1984; Zindler et al., 1984; Graham et al., 1988 ; Phipps Morgan and Morgan, 1999 ) that melting in the mantle initially fuses a low-meltingpoint, trace element-enriched component present as ''plums'' in the mantle. Furthermore, the correlation of initial melting with extreme isotopic compositions implies that the mantle end members EM-I and EM-II originally proposed to explain hotspot isotope geochemistry (Zindler and Hart, 1986 ) do actually correspond to distinctive mantle rock types with relatively low solidus temperatures. Figure 3 shows our model for the crust and mantle around the Polynesian hotspots. At the onset of melting deep in the plume, trace element-enriched melts from the enriched mantle plums are formed. These melts either (1) rise into the lithosphere where they stagnate at a density boundary (Moho?) or (2) are channeled into preexisting magma-pathways related to the larger volcanoes in the area. In case 1, the magmas will fractionate, and the residual magma will eventually erupt as trachytes or phonolites on the small volcanoes as previously outlined. In case 2, the enriched magmas become mixed with melts generated shallower in the plume at larger degrees of melting. They provide the enriched mantle end member for the range of isotopic values seen in the larger volcanoes.
The facts that the larger volcanoes are (1) fewer in number than the small volcanoes and (2) predominantly basaltic or basanitic in composition suggest that at some point, one or a few of the initial magma pathways will become more established. Magma will then be channeled into them regularly, and the thermal conditions for extensive fractionation will no longer (or in the case of Pitcairn less often) be met. With time, one of these volcanoes may become the focus of almost all eruptions-in this case an island may be formed. The occasional, more evolved magmas occurring even on the larger Pitcairn edifices may reflect a generally lower rate of magma supply at Pitcairn (as indicated by the intermittent nature of the hotspot trace since 15 Ma [Duncan et al., 1974 ] when compared to the Societies) that allows extensive cooling and fractionation of the magma to occur even in a large volcano. It is interesting to note, however, that the trachyandesites and trachytes on these large Pitcairn volcanoes do not show the extreme isotopic values characteristic of evolved magmas from the smaller edifices; they are isotopically indistinguishable from the basalts erupted on the same volcano (Woodhead and Devey, 1993) . Our model for the evolution of Polynesian hotspot volcanoes therefore involves a two-stage process-the initiation of many small-volume volcanic systems derived from melting of the enriched mantle plums, followed by focusing of magmatic activity in only a few of these systems. Whether the small volcanoes that we currently observe at both hotspots are coeval with the initiation of the larger volcanoes or whether they represent a more recent renewed phase of magmatic system initiation is at present not known. The Society volcanoes Rocard and Turoi, from which some basalts and numerous trachytes have been recovered, may currently be in the process of focusing magmas and will perhaps be the next large underwater Society volcanoes.
